This paper describes the facile synthesis of a number of electron rich octamethyl[1.4]ferrocenophanes with unsaturated handles from 1,1'-bis(1-chlorovinyl)octamethylferrocene. Treatment of this reactive compound with sodium hydroxide in DMF initiates a series of reactions resulting in the formation of four different ferrocenophanes. The most complex of these products arises from a cascade of cyclisations giving an unusual, unsymmetrical bis-ferrocenophane with a central fused cyclobutene. Control over the reaction outcome is achieved by manipulating the concentration of NaOH. Mechanisms are proposed, and supported by DFT calculations.
Introduction
Ferrocenophanes, organometallic analogues of cyclophanes, are an important class of ferrocenes, which find application in polymer and materials science, 1,2 electrochemistry, 3 medicine, 4, 5 and sensors. 6 The bridge(s) connecting cyclopentadienyl (Cp) rings inhibit rotation around the metal and may induce a ring tilt, which can alter the chemical and physical properties of ferrocenes remarkably, compared to their non-bridged counterparts. A broad variety of ferrocenophanes have been reported, including those with all-carbon 7 and hetero element-containing bridges. 2, [8] [9] [10] Only a single report mentions formation of an allcarbon-bridged bis-ferrocenophane with fused handles bearing a 4-membered ring. 11 Unbridged ferrocenes have been connected by cycloaddition reactions of trifluorovinylferrocenes 12, 13 and a chloroferrocenyl allene 14 that give four-membered rings in the linker. Several 1,1′-ethenyl ferrocenes have been found to cyclise to [1.4] ferrocenophanes. 12, [15] [16] [17] Highly methylated ferrocenes are important in many fields; however, their chemistry is significantly less explored than that of their non-methylated counterparts. The lower oxidation-potentials in the more electron-rich methylated ferrocenes can result in surprising reactivity, for instance, the attainment of the Fe(IV) oxidation state. 18 Methyl groups also greatly enhance solubility, making highly methylated ferrocenes valuable building blocks in larger molecular scaffolds. Surprisingly, octamethylferrocene-based ferrocenophanes have received very little attention. Formation of such compounds was described from a 1,1′-diethynyloctamethylferrocene derivative, 19 by metathesis of a 1,1′-alkenyl precursor, 20 and we recently reported on the formation of 4 from 1, Scheme 1. 21 
Results and discussion
In this work we use 1,1′-bis(1-chlorovinyl)octamethylferrocene (1) to provide access to octamethylferrocenophanes, viz. a tricyclic bis [1.4] ferrocenophane (5) , and several other mononuclear ferrocenophanes (Scheme 1). The formation of these products can be explained by initial dehydrohalogenation of 1 to alkyne 2 in DMF/NaOH, followed by cyclisation to give 3. Methylamine, generated in situ from base-induced hydrolysis of DMF, reacts with ketone 3 to form the enamine 4. Using a high concentration of NaOH leads to fast and quantitative formation of 4. 21 Intriguingly, by lowering the concentration of NaOH, the cis and trans cyclobutenes 5 become the major products.
The product distribution depends on several factors, including the concentration of NaOH, reaction temperature and time. The conditions can be tuned to afford either 4 or 5 as the major products, with 3 and 6 isolated as minor byproducts. The formation of 5 proceeds diastereoselectively, affording a mixture of the cis-and trans isomers in a ∼5 : 1 ratio. The ferrocenophanes 4 and 5 are sensitive towards standard chromatographic supports, which made optimisation of the reaction and the development of a chromatography free work-up essential. After some experimentation, we found that 5 can be purified by repeated washings with DMF, affording the isomeric mixture free from impurities, as judged by 1 H NMR spectroscopy.
We were able to characterise cis-5 unambiguously by NMR spectroscopy. Due to its asymmetry, all 18 methyl groups in cis-5 give rise to individual resonances in the 1 H NMR spectrum ( Fig. S16 †) , and each ipso-carbon gives a single resonance in the 13 C NMR spectrum ( Fig. S18 †) . The resonances due to the fused handle were assigned with the aid of 2D NMR techniques (ESI †) and evaluation of coupling constants. The three vinylic protons each give rise to individual apparent doublet of doublets in the 1 H NMR spectrum, with 3 J (H-H) coupling constants of 12.3 Hz for the cis coupling and 4.7 Hz for the allylic coupling. Each vinylic signal shows further long range couplings to the cyclobutenyl proton, observed in the 2D spectra but not adequately resolved.
X-ray crystal structures of all ferrocenophanes were obtained ( Fig. 1 and 2 ). The tilt angles α, the dihedral angles between both Cp rings ( Fig. 3A 2, 8 ) , and the twist angles β (Fig. 3B ), the average value of the torsion angles between Cp-C atoms and centres of the Cp rings ( Fig. 3B ) are compared in Table 1 . The Cp rings of the cyclophanes 3, cis-5 and 6, which are attached to a handle with only one double bond, are essentially parallel with tilt angles α < 1° (Fig. 3 ). This value is small compared to other (non-methylated) [1.4] ferrocenophanes, 12, 16, 19 and presumably is a result of steric repulsion between the methyl groups resisting tilting. The two crystallographically different molecules of 4 and the ferrocenophane frame of cis-5 bearing two double bonds are tilted slightly more (1.42-2.97°), which is attributed the rigidity of the unsaturated linker. The observed Cp twist β ranges from 1.8°to 33.8°; again the handles with two double bonds (4, cis-5) induce the minor twist in the molecule. Tilt and twist angles ( Fig. 3 ) are summarised in Table 1 . The cyclobutene ring of cis-5 is slightly puckered with an average torsion angle of 5.0(6)°.
We studied the role of NaOH by varying its concentration in the reaction mixture, which revealed that the base is involved in several processes: firstly, generation of alkynes through the dehydrohalogenation of the chlorovinyl groups; secondly, substitution of the remaining vinyl chloride, followed by cyclisation to form 3; and lastly, base-induced hydrolysis of the DMF to give dimethylamine. 22 A high concentration of NaOH results in the rapid generation of 2, cyclisation to 3, and sub- sequent transformation to 4 by reaction with Me 2 NH, produced by fast decomposition of DMF (Scheme 1). On the contrary, a low concentration of NaOH slows these processes down, allowing other pathways to compete. The transformation was investigated using a 4 mM solution of 1 in DMF and varying concentrations of NaOH. Fig. 4 shows the composition of each crude product, determined by 1 H NMR spectroscopy after aqueous work-up (ESI, S5, S7-11 †). Low concentrations of NaOH afforded significant quantities of unreacted 1, together with an intermediate identified by 1 H NMR spectroscopy and mass spectrometry as 1-(1-chlorovinyl)-1′-(ethynyl)octamethylferrocene (2) . The proportion of 3 produced peaked at a moderate NaOH concentration (exp. B). With increasing concentration of NaOH, the proportion of 5 rises, but then plateaus (exps C/D). By increasing the concentration of NaOH further, it decreases again and enamine 4 becomes the major product (red bars, Fig. 4 ).
Under optimised conditions an isolated yield of 39% of 5 (62% yield by 1 H NMR spectroscopy), was obtained, but formation of 4 could not be avoided. Enyne 2 can be obtained under anhydrous conditions by treatment with t BuOK, but is accompanied by 1,1′-diethynyloctamethylferrocene (ESI, Fig. S13 and S19 †). Preparation of phenylacetylene from 1-chlorostyrene is well known, 23 and analogous reactions have been reported with chlorovinyl ferrocenes. 24 Filtration of the mixture of enyne 2 and the diethynyl derivative though a pad of Al 2 O 3 led to cyclisation of 2 to give ferrocenophane 3, suggesting that 2 is the precursor for 3. Compound 3 is known to form from the silica gel-induced decomposition of a ferrocenophane bearing a 1-methoxy-1,3-butadiene handle; 19 however, its solid state structure ( Fig. 2 ) remained hitherto undetermined.
Subsequently, the reactivities of the isolated complexes were investigated to help shed light on the mechanism of the formation of the most complex products 5. Compounds 5 were not obtained from heating 1 and 4 together, either neat or in a DMF solution. Consequently, the reaction of 1 and 4, or the dimerisation of 4, followed by elimination of dimethylamine, can be ruled out as a possible pathway to 5. We further investigated the reaction of 1 in DMF-d 7 , with NaOD in D 2 O, which resulted in the fast deuteration of the chlorovinyl groups of 1. After prolonged exposure, the 1 H NMR spectrum indicated complete deuteration of the handle protons of ferrocenophanes formed, giving no mechanistic insights.
Based on our experiments and the results of density functional theory (DFT) calculations, we formulate a possible reaction mechanism involving a cascade of three cyclisation reactions, depicted in Fig. 5 . The first cyclisation, path A, is initiated by an S N 1 reaction of hydroxide and 2 generated in situ, facilitated by the electron-rich octamethylferrocene. Deprotonation generates the enolate, which undergoes intramolecular addition to the adjacent alkyne, generating the ferrocenophane 3. Similar cyclisations of ortho-alkynylacetophenones have been described. 25 On the basis of the DFT calculations we revise our previously proposed mechanism for the formation of 4, 21 and now suggest that 3 forms initially and is converted into 4 in the presence of Me 2 NH generated in situ from base-induced hydrolysis of DMF. As we noted previously, the formation of an enamine under aqueous conditions is somewhat surprising, but not without precedent in conjugated systems. 26 The formation of bis-ferrocenophanes 5 (cis isomer only shown) can be rationalised by two further cyclisations involving 2 and 4 ( Fig. 5B ). Initially, a [2 + 2]-cycloaddition of the terminal alkyne of 2 and the butadiene handle of 4 affords cyclobutene B2, with the cis-configuration expected from cycloaddition. Notably, both reaction partners are electron rich, and the reaction does not involve a catalyst; 27,28 nevertheless, the transformation is exothermic (B1 → B2, Fig. 5D ). The reaction occurs regioselectively at C3vC4, which is possibly due to steric hindrance at C1 ( Fig. 8 ). Elimination of HCl from the remaining chlorovinyl group in B2 presumably occurs next; if it occurred prior, the diethynylferrocene would be expected to undergo intramolecular cyclisation under basic conditions. 19 Ring-opening of B3 to give B4, followed by a base-induced conjugate addition/ring-closing affording B5, was energetically the most feasible mechanism of several investigated. Other mechanisms in which the cyclobutene moiety is retained give much higher energy intermediates, by ∼150 kJ mol −1 . Calculations support the notion that the newly formed stereocentre in B5 has the relative configuration indicated as this has the lower energy. Base-catalysed tautomerisation of B5 then gives the more thermodynamically stable product cis-5, along with a little of the trans-isomer. Fig. 5C and D summarise the computed enthalpy and free energy changes for the reactions, with the starting point of each scheme set at 0 kJ mol −1 . The calculations reveal that the proposed mechanism is energetically feasible, with the reaction being overall exothermic and exergonic. This sequence of events can only occur when sufficient quantities of 2 and 4 are present, explaining the absence of 5 when higher concentrations of NaOH are used. We also computationally investigated an alternative mechanism involving cyclisation of 1,1′-diethynyloctamethylferrocene (Scheme S1, ESI †). Cyclisation of this compound is energetically feasible (Table S1 †), and has also been reported. 19 Therefore, we cannot exclude that minor amounts of this compound form during the reactions, which cyclise to afford the same pro-ducts. Nevertheless, as described above, application of isolated 2 to silica yielded 3. Due to the slightly acidic nature of silica, we can rule out transformation of the one chlorovinyl group into an alkyne, which in turn means that 2 is indeed the intermediate which cyclises, at least under these conditions. We tested several water/NaOH/solvent (THF, MeOH, DMSO, t BuOH) systems, and found that efficient cyclisations occur exclusively in DMF/H 2 O/NaOH, which may reflect its superior ability to stabilise polar transition states.
Complex 3 also forms in the absence of NaOH, but only in low yield as hydrolysis of the chlorovinyl group to give the methyl ketone competes. 21 Surprisingly, reaction of enamine 4 in t BuOH/H 2 O in air produces ferrocenophane 6 in a yield of 56%, with no evidence for other ferrocenophane products (Scheme 2). In contrast, using degassed solvents under Ar did not induce any transformation. The formation of 6 must involve oxidation of 4 or an intermediate, which is likely triggered by trace oxygen. Only this oxidation enables nucleophilic addition of water. This also provides an explanation for the varying amounts of 6 in the above discussed transformations of 4 in DMF/NaOH. All reactions were performed under Ar in air-free solvents but the work-up was conducted in air. The fact that 4 and 6 were detected in all reactions, with the exception of E, and that 4 has been unambiguously shown to be the precursor for 6, indicates that 6 forms as decomposition product of 4 during workup of the reactions. There are some examples of ferrocenophanes with [1.4]diketo-handles 12, 16 but, to the best our knowledge, the handle that 6 bears is unprecedented. Compound 1, heated in a mixture of DMF/H 2 O, afforded the hydrolysis product 1,1′-diacetyloctamethylferrocene as the major product, and significant quantities of ferrocenophane 3, but no 6.
We studied the redox behaviour of the ferrocenophanes by cyclic voltammetry. Oxidation potentials are summarised in Table 2 . Compound 4 oxidises at the remarkably low potential of −425 mV. 21 This redox process is only reversible if the cathodic peak potential is kept low (i.e. ∼−160 mV), as higher potentials induce decomposition. Fig. 6 shows the cyclic voltammogram (CV) of 5, exhibiting two well resolved redox-processes E 1/2 (1) = −315 mV and E 1/2 (2) = −113 mV, with a splitting ΔE(1-2) of 202 mV. The first oxidation is elevated by 110 mV, compared to that of 4 (−425 mV (ref. 21) ).
Based on DFT calculations, the HOMO of cis-5 is metalcentred, situated at the Fc bearing the Me 2 N-moiety in the α-position ( Fig. 7) . Thus, the first oxidation is assigned to this Fc and subsequent oxidation at the remaining Fc. The reversible redox behaviour of 5 indicates that no oxidation takes place at the dimethylamino group, which in turn suggests that oxidative decomposition of 4 is not related to oxidation of that group. The cyclic voltammograms of compounds 3 and 6 show a reversible process at −285 mV and −32 mV, respectively, which are well above those of 4 and 5, due to the presence of the electron withdrawing carbonyl. The ratio of anodic and Scheme 2 Reaction of 4 to ferrocenophane 6 under aqueous conditions in air. cathodic peak current (i pa /i pc ) was close to unity and independent of the scan rate ( Fig. S1-S4 †) , as expected for reversible redox processes. 29 
Conclusions
In conclusion, we have shown the base induced reactions of 1,1′-bis(1-chlorovinyl)octamethylferrocene 1, in DMF, affords a variety of ferrocenophanes with only minor changes in reaction conditions. Detailed investigation of the complex system by varying stoichiometry influenced the product distributions, and in conjunction with control experiments and DFT calculations, allowed plausible mechanisms for the formation of most of the observed products to be proposed. The electrondonating ability of the octamethylferrocene moieties play an important role in some of the mechanistic steps. The unusual transformations described in this work demonstrate the rich chemistry of octamethylferrocenes and suggests that future use of this moiety will be equally fertile.
General
Reactions were performed under Ar atmosphere using standard Schlenk techniques unless otherwise stated. N,N-Dimethylformamide (DMF) was distilled from CaH 2 . THF was distilled from sodium/benzophenone. 1,1′-Bis(1-chlorovinyl)octamethylferrocene (1) and complex 4 were prepared as previously described. 21 Other compounds were purchased from Sigma-Aldrich. Cyclic voltammetry was conducted on a Princeton Applied Research VersaSTAT 3 potentiostat using a three electrode setup with Pt working electrode, and Pt coated titanium rods as counter and pseudo-reference electrodes. NMR spectra were recorded on Bruker AV500 and AV600 spectrometers. Chemical shifts of solvent signals were used to reference the spectra internally. 31 Mass spectra were recorded on a Waters LCT Premier mass spectrometer in ESI + and APCI + modes. Elemental analyses were obtained from the Elemental Analysis Service of the London Metropolitan University. Infrared spectra were recorded on a PerkinElmer Spectrum One FT-IR spectrometer equipped with an ATR sampling accessory. Melting points were determined using a Reichert melting point microscope.
Syntheses
Optimisation reactions for preparation of (cis/trans)-5. 1,1′-Bis(1-chlorovinyl)octamethylferrocene (1) (10 mg, 0.024 mmol, experiments A-F; 20 mg, 0.048 mmol, experiment G) was dissolved in DMF (6 ml) in a Schlenk tube. NaOH solution (0.75 M) was added according to Fig. 4 . The reaction mixtures were heated for 45 min to 60°C with stirring and subsequently cooled to 0°C. Dilution with water (15 ml) resulted in the formation of a precipitate. Experiments C, D and G produced a pale pink precipitate, with the amount of precipitate increasing in the order C < D < G. The suspension was extracted with dichloromethane (50 ml). The organic phase was washed with water (2 × 50 ml), dried over Na 2 SO 4 and evaporated under high vacuum with gentle heating, affording a red-orange mixture, which was analysed by 1 H NMR spectroscopy (Fig. S3 , S5 and S7-S12 †). Experiments A and B yielded, in addition to compounds 1, 3, 4, 5 and 6 substantial amounts of compound 2. Fig. S6 † shows the mass spectrum of the mixture. The mass 406 corresponds to [2 + Na] + .
2: Compound 1 (10 mg, 0.024 mmol) was dissolved in THF (6 ml) and cooled to 0°C. t BuOK (9 mg, 0.07 mmol) was added. The cooling bath was removed, and stirring was continued for 30 min. Additional t BuOK (9 mg, 0.07 mmol) was added and the mixture was stirred for 1 h. The solvent was removed under vacuum and the residue was dissolved in C 6 D 6 , affording a bright orange solution, which was analysed by 1 H NMR spectroscopy. The 1 H NMR spectrum shows signals of starting material 1, intermediate 2, and 1,1′-diethynyloctamethylferrocene ( Fig. S13 †) . After standing for 2 h, the solution darkened significantly and the 1 H NMR spectrum showed compounds 1 and 2 to be intact but no traces of 1,1′diethynyloctamethylferrocene. Filtration of the solution through a pad of neutral alumina afforded a mixture of 1 and 2 from the first fraction eluted with hexane, and compound 3 from the second fraction eluted with EtOAc. Spectroscopic data for 2: 1 H NMR (600 MHz, C 6 D 6 , 25°C): δ = 5.78 (d, 2 J = 0.7 Hz, 1H, vCH 2 ), 5.72 (d, 2 J = 0.7 Hz, 1H, vCH 2 ), 2.73 (s, 1H, CuCH), 1.86 (s, 6H, CH 3 ), 1.81 (s, 6H, CH 3 ), 1.60 (s, 6H, CH 3 ), 1.52 (s, 6H, CH 3 ) ppm. 5: Compound 1 (100 mg, 0.24 mmol) was dissolved in DMF (30 ml). Degassed aqueous NaOH solution (0.75 M; 5 ml) was added and the solution was stirred at 60°C for 45 min during which time the reaction mixture turned cloudy. After cooling to 0°C, water (150 ml) was added, which led to the formation of a pale pink precipitate. The solids were collected by vacuum filtration, affording a pinkish powder, which was washed with several small portions of water. The supernatant was retained for the isolation of 3 (see below). The solids were dissolved in DCM, dried under vacuum Na 2 SO 4 , and dried under vacuum to give a red solid (43 mg), comprising a mixture of 5 and 4 (∼10%), as determined by 1 H NMR spectroscopy. The solids were thoroughly washed with DMF (4 × 0.5 ml), then dried under high vacuum with gentle heating affording 5 as a 5 : 1 ratio of cis/trans isomers in the form of a pink powder (34 mg, 39%). Single crystals suitable for X-ray diffraction were grown by slow evaporation of a solution in pentane at room temperature. 1 11.40, 10.83, 10.73, 10.36, 10.13, 10.05, 9.98, 9.86, 9.84, 9.56, 9.48, 9.36, 9. The supernatant from the synthesis of 5 (above) was extracted with 150 ml dichloromethane. The orange organic layer was washed with water (3 × 100 ml) then dried (Na 2 SO 4 ) and evaporated to afford an orange crystalline material (33 mg), containing 3 and 4 in a 1 : 5 ratio and a trace of 5 as determined by 1 H NMR spectroscopy. 1 H and 13 C NMR spectroscopic data for compound 3 were in agreement with the literature. 19 6: Compound 4 (35 mg, 0.1 mmol) was dissolved in 50 ml t BuOH, 15 ml water was added and the mixture was stirred for 1 h at room temperature. The solution turned from bright orange to a dark reddish colour. Extraction with hexanes (200 ml) afforded a yellow organic phase and a deep purple aqueous phase. The organic phase was washed with water (3 × 100 ml) and dried (Na 2 SO 4 ). The drying agent was rinsed with DCM (∼50 ml) until colorless. The combined organic phase was evaporated to afford a pale yellow solid, which was washed with pentane (5 × 2 ml), then dried under high vacuum, affording analytically pure 6 as a yellow-orange powder (19 mg, 56%). 1 
Crystallography
The crystal data for 3, cis-5 and 6 are summarized in Table 3 . Crystallographic data were collected on an Oxford Diffraction Gemini diffractometer using Cu Kα radiation at 100(2) K for 3 and cis-5. Samples of 6 were degrading at that temperature and hence data was collected at 270(2) K. Following absorption corrections and solution by direct methods, the structures were refined against F 2 with full-matrix least-squares using the program SHELXL-2014. 32 All hydrogen atoms were added at calculated positions and refined by use of riding models with isotropic displacement parameters based on those of the parent atoms. Anisotropic displacement parameters were employed throughout for the non-hydrogen atoms. For compound cis-5 two relatively large peaks and other residual electron density was modelled as the second component of a disordered molecule; site occupancies of the two components refined to 0.889 (4) and its complement. Geometries and isotropic displacement parameters of the minor component were restrained to reasonable values. All hydrogen atoms were added at calculated positions and refined by use of riding models with isotropic displacement parameters based on those of the parent atoms. Anisotropic displacement parameters were employed throughout for the non-hydrogen atoms.
DFT calculations
DFT was employed to determine the relative energies of intermediates along the proposed mechanism. The calculations were undertaken using the familiar B3LYP functional with the 6-31G* basis sets for lighter atoms (hydrogen, carbon, oxygen, nitrogen, and chlorine) while the LANL2DZ basis set incorporating an effective core potential (ECP) was used for iron to reduce the computational burden. Each intermediate was fully optimized using the PCM solvent model for DMF, with Cartesian coordinates for all geometries available in the ESI. † Subsequently a vibrational hessian calculation was employed in order to determine if the structures were minima, transition states, or higher order stationary points on the potential energy surface. Thermodynamic corrections were estimated at a temperature of 333.15 K, in line with the experimental conditions. Data provided here are the enthalpy and free energy changes for each step of the proposed mechanism. All calculations were undertaken using the Gaussian 09 program suite. 33 
Electrochemistry
Cyclic voltammetry measurements were conducted in 0.1 M solutions of Bu 4 NPF 6 as supporting electrolyte in dichloromethane with analyte concentrations of 1 mM or 3 mM. Acetylferrocene was chosen as internal standard for 3 and 5, and decamethylferrocene for 6. Determined potentials are reported versus the Fc/Fc + couple (E Fc = E AcFc − 270 mV; E Fc = E DmFc + 480 mV (ref. 34) ). The half-width potentials (E 1/2 ) were determined by using middle between anodic (E pa ) and cathodic peak potentials (E pc ).
